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a b s t r a c t

Ion mobility techniques, using both traveling wave-based technology and standard drift tube methods,
along with molecular modeling were used to examine the gas-phase conformational properties of a series
of isomeric oligosaccharides and hydrazine-released N-linked glycans from various sources. Electrospray
ionization was used to generate H+ and Na+ adducts of oligosaccharides as well as Na+ and H2PO4

− adducts
of released N-linked glycans. The ion mobility mass spectrometry techniques were used to separate the
isomeric oligosaccharides and the glycan mixtures. Good agreement was obtained between the theo-
retical and measured collision cross-sections. Glycans common to each glycoprotein were observed to
ligosaccharide
lycan
raveling wave

have the same arrival time distribution independent of their source. In some cases support for multiple
isomers was observed which correlated well with evidence obtained, where possible, from other exper-
imental techniques. The sensitivity of the traveling wave ion mobility spectrometry (TWIMS) technique,
together with the rapid experimental timescale, reproducibility and high information content make this
an attractive approach for the characterization of complex mixtures of glycans released from glycopro-

on of
.

teins. Successful calibrati
the drift tube instrument

. Introduction

Glycosylation is the co- and post-translational attachment of
arbohydrate structures to a protein backbone. The carbohy-
rate moieties of these glycoconjugates have many important
oles in biological systems. These roles include protein folding,
ell–cell recognition and protection from proteolysis [1]. Glyco-
ylation is one of the most prevalent forms of covalent protein
odification, occurring for approximately 50% of all proteins in

ukaryotic systems. Mammalian and plant glycoproteins can be
ither N-linked or O-linked. In N-linked glycosylation, oligosac-

harides bind to the amide nitrogen of asparagine side chains
here the asparagine forms part of an Asn-Xxx-Ser(Thr) consensus

equence in which Xxx is any amino acid except proline. In O-
inked glycosylation, they bind to the hydroxy oxygen of serine and
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the TWIMS arrival times/cross-sections was demonstrated using data from
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threonine side chains. Addition of carbohydrate-containing glyco-
sylphosphatidylinositol anchors to proteins to allow for membrane
attachment can also be considered a special form of glycosyla-
tion.

Despite the importance of oligosaccharides in biological sys-
tems, structural determination of these molecules is an analytical
challenge compared to other biomolecules. Not only do the con-
stituent monosaccharides (and their stereochemistry) have to be
identified, but also how they link together to form the polymer
needs to be determined. Given that monosaccharides have multiple
linkage sites and each site has two possible anomeric linkage con-
figurations, oligosaccharide structure can be very complex [2]. With
the help of chemical degradation, derivatization and mass spectral
fragmentation, oligosaccharide structure can be elucidated. There
are also practical motivations for advancing glycomic research.
For example, the pharmaceutical industry makes increasing use

of recombinant synthesis of proteins due to the reduced cost and
increased quality over extraction and purification approaches [3].
Modern methods can incorporate post-translational modifications
such as phosphorylation and glycosylation and there is a require-
ment for a rapid, sensitive, information-rich method to monitor

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:j.h.scrivens@warwick.ac.uk
mailto:bowers@chem.ucsb.edu
dx.doi.org/10.1016/j.ijms.2009.08.006
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Table 1
Glycans investigated in this study.

TWIMS–MS: glycans released from the following glycoproteins

Bovine ribonuclease B
Chicken ovalbumin
Porcine thyroglobulin, desialylated porcine thyroglobulin

DTIMS- and TWIMS–MS: penta- and hexasaccharides

Name (abbreviation) Structure

B-pentasaccharide
(B-PS)

Iso-B-pentasaccharide
(iso-B-PS)

Lacto-N-fucopentaose I
(LNFP I)

Lacto-N-fucopentaose
V (LNFP V)

Lacto-N-difucohexaose
I (LNDFH I)
20 J.P. Williams et al. / International Journ

lycosylation in these systems for process optimization and quality
ontrol purposes.

Conventional mass spectrometry only takes advantage of
ass separation and gives no direct information about three-

imensional shape. Ion mobility spectrometry-mass spectrometry
IMS–MS) uses not only traditional mass separation techniques, but
lso separates ions based on their shape as reflected by their mobil-
ty in an inert buffer gas. The method can, therefore, distinguish
somers with identical masses but different cross-sections. In tra-
itional IMS–MS, a weak uniform electric field is applied across a
rift tube to pull ions through a helium buffer gas. Compact isomers
ith higher mobilities exit the drift tube before more extended

somers that have lower mobilities. This drift tube ion mobility
pectrometry (DTIMS) configuration allows for the measurement of
well-defined ion mobility and thus, using kinetic theory, determi-
ation of an ion’s collision cross-section. Comparing experimental
ross-sections to those of theoretical structures reveals information
bout the true gas-phase structures being observed experimentally.
n the Bowers group, this method has been applied successfully
o a number of biological systems, including DNA helices [4,5], G-
uadruplexes [6–8] and the Alzheimer’s peptides A�40 and A�42
9–11]. Despite the fact that these biomolecules have undergone
lectrospray ionization (ESI) for transfer to the gas phase, evidence
uggests that to a significant extent, solution-phase conformations
re retained. This characteristic has also been observed by other
ass spectrometry groups. Pioneering work by Last and Robinson

12] demonstrated “compelling evidence for preservation of ter-
iary structure under controlled conditions” and a review by Heck
nd van den Heuvel [13], describing the analysis of intact protein
omplexes by mass spectrometry, strongly supports this view.

The development of traveling wave ion mobility spectrometry
TWIMS) [14] has significantly increased sensitivity and speed in
omparison with the traditional DTIMS device, allowing for the
nalysis of samples at biologically relevant concentrations. TWIMS
as been integrated into a commercial quadrupole time-of-flight

nstrument, the Synapt HDMS System (Waters Corporation, UK)
15]. The Synapt operates with excellent reproducibility and mass
ccuracy, and is capable of providing a wealth of information, being
ble to achieve ion mobility spectrometry-tandem mass spectrom-
try (IMS–MS/MS) with the choice of performing collision-induced
issociation before or after mobility separation. The indirect route
hat the ions take in the TWIMS mobility separator means that,
nlike in DTIMS, the correlation between ion transit time and ion
obility is not a simple inverse relationship and thus absolute

ollision cross-sections cannot be obtained directly from TWIMS
easurements alone. It has been shown, however, that estimates

f collision cross-sections can be obtained by reference to sam-
les with known cross-sections [16–19], provided that the data

s obtained under the same experimental conditions, i.e., mobil-
ty gas, gas pressure, wave velocity, wave height, pusher frequency
nd injection energy [20].

Ion mobility methods have previously been used to study
ligosaccharides. DTIMS investigations have been used to obtain
tructures of several small sodiated sugars [21,22] and to demon-
trate the separation capability for a number of carbohydrate
somers [23–25]. Clemmer and coworkers have lately used tradi-
ional IMS–MS to examine glycans released from ovalbumin [26].
ecent work from the group of Hill and coworkers [27] expands on
revious research by describing the successful resolution of carbo-
ydrate isomers with different anomeric configurations together
ith the use of adducts and variation of mobility gas to improve
eparation. Differential mobility spectrometry has been employed
o study aggregate formation in the analysis of oligosaccharides
28]. Here we report the results of a combined DTIMS and TWIMS
nvestigation of a range of oligosaccharides. The ability of the
WIMS method, coupled with MS and MS/MS approaches, to char-
Lacto-N-difucohexaose
II (LNDFH II)

acterize carbohydrates released from a number of glycoproteins
(Table 1) is explored. The structures of the carbohydrate moieties
associated with each of these proteins have been previously stud-
ied by methods such as NMR and traditional mass spectrometry
[29–32]. With standard analysis methods, structural characteriza-
tion can only occur after some sort of chromatographic separation
technique, such as HPLC, has been applied. Carbohydrates (gly-
cans) released from the glycoproteins are readily separated by ion
mobility in TWIMS. Common glycans (e.g., Man5–7GlcNAc2, where
Man = mannose, GlcNAc = N-acetylglucosamine) were observed to
have reproducible arrival time distributions independent of their
source. This indicates that despite the presence of other species in
a complex mixture arrival time measurements are reproducible.
Tandem mass spectrometry experiments on components sepa-
rated using ion mobility are also demonstrated and found to
provide additional information regarding carbohydrate structure.
The sensitivity of the TWIMS technique, together with the rapid
experimental timescale, reproducibility and high information con-
tent make this an attractive approach for the characterization of
complex mixtures in glycomic research.

We also have examined a series of isomeric penta- and hexas-
accharides (Table 1) using both the DTIMS and TWIMS techniques
to evaluate the isomer separation capabilities of the two meth-
ods. In the DTIMS experiments, collision cross-sections for the
sodiated oligosaccharides were obtained. By comparing these val-
ues with cross-sections of model structures acquired by molecular
mechanics calculations, we were able to determine the gas-phase
structures of these species. In addition, the DTIMS experimental
cross-sections are compared to the TWIMS results.

2. Experiment
2.1. Ion mobility spectrometry-mass spectrometry (IMS–MS)

2.1.1. DTIMS–MS instrument
IMS–MS experiments at UC Santa Barbara were performed on

a home-built spectrometer consisting of a nano-ESI source, an
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Table 2
Optimized TWIMS separator parameters.

Sample ESI mode Gas pressure (mbar) T-wave height (V) T-wave velocity (m/s)
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Released N-glycans Positive 0.5
Released N-glycans Negative 0.5
Isomeric carbohydrates Positive 0.75

on funnel, and a mobility drift tube followed by a quadrupole
ass analyzer and detector [33]. Samples are introduced into the

ano-ESI source by means of a metal coated borosilicate capillary
Proxeon, Odense, Denmark). The ions generated are transferred,
ia a metal capillary, to the ion funnel where they can be accumu-
ated and pulsed into the drift tube. A weak uniform electric field
s applied across the drift tube to pull ions through a helium buffer
as (at ∼5–7 mbar). To measure arrival time distributions (ATDs),
ons are pulsed from the funnel into the drift tube. Ions are sep-
rated by their mobility, with compact structures traveling faster
han extended structures. Ions exit the drift tube and are mass ana-
yzed and detected as a function of arrival time, tA. To measure

obility (K0), tA for a particular ion is measured as a function of
he drift voltage (V) applied to the drift tube (of known pressure
and length �). As shown in Eq. (1), a plot of tA versus p/V yields
straight line with a slope inversely proportional to K0 and has a

-intercept equal to t0, the amount of time the ions spend outside
he drift tube.

A = �2T0

K0p0T

p

V
+ t0 (1)

n this equation, standard temperature (T0 = 273.15 K) and pressure
p0 = 1.013 bar) are used to obtain a mobility independent of drift
ube temperature and pressure, i.e., the reduced mobility, K0.

The mobilities obtained in this experiment can be used to calcu-
ate an ion’s collision cross-section using the following relationship
btained from kinetic theory [34].

= 3ze

16N

(
2�

�kT

)1/2 1
K0

(2)

ere z is the number of charges on the ion, e is the electronic charge,
is the buffer gas number density, � is the reduced mass of the ion

nd buffer gas, k is the Boltzmann constant and T is temperature.

.1.2. TWIMS–MS instrument
All TWIMS experiments were performed in a hybrid

uadrupole-ion mobility-orthogonal acceleration time-of-flight
oa-ToF) mass spectrometer (Synapt HDMS, Waters Corpora-
ion, Manchester, UK). The instrument was equipped with a
ano-ESI source and operated at a source temperature of 120 ◦C.
he sample solutions were introduced into the source region
f the instrument by means of metal coated borosilicate cap-
llaries (Waters Corporation, Manchester, UK). The cone was
ptimized between 60 and 130 V for ESI-MS/MS experiments
nd the collision energy was optimized to fragment the ion of
nterest, typically 110 eV in positive and 70 eV for negative ESI

ode. A detailed explanation of the Synapt HDMS technology
as been described elsewhere [15]. The instrument is comprised
f three traveling wave enabled stacked ion guides: trap, ion
obility separator and transfer. The trap ion guide is used to

ccumulate ions and releases these as ion packets into the ion
obility separator for mobility separation. The transfer ion guide

s used to convey the mobility-separated ions to the oa-ToF mass

nalyzer. Ions were mass selected using the quadrupole prior to
S/MS experiments. All MS/MS experiments were performed

fter ion mobility separation in the transfer cell. Optimized
WIMS operating conditions are listed in Table 2. The variation
bserved in these parameters is due to the distinct nature of
11 400
18 500
14 300

the samples used. The glycans were run as complex mixtures
requiring a wider m/z range while the isomeric carbohydrates
were run as pure compounds over a limited m/z acquisition range.
The ToF analyzer recorded 200 orthogonal acceleration pushes
(mass spectra) with the pusher period set to an appropriate
value depending on m/z acquisition range. The total acquisition
time for the data shown was combined and averaged over 2 min.
The ToF analyzer was tuned in V-optic mode for an operating
resolution of 7000 (FWHM). Mass spectra were acquired at a
rate of one spectrum per second with an interscan delay of
100 ms. Data acquisition and processing were carried out using
MassLynxTM (v4.1) software (Waters Corporation, Milford, MA,
USA).

2.1.3. Materials
Bovine ribonuclease B, chicken ovalbumin and porcine thy-

roglobulin were purchased from Sigma Chemical Co. Ltd. (Poole,
Dorset, UK). Ribonuclease B [30] and chicken ovalbumin [31,32]
contain only neutral sugars. Thyroglobulin [29], contained both sia-
lylated and neutral sugars. A desialylated version of thyroglobulin
was generated using 10% acetic acid for 30 min at 80 ◦C. The gly-
cans from these proteins were released with hydrazine [35] and
dissolved in a mixture of H2O/methanol (1:1; v/v) to a concen-
tration between 10 and 25 pmol/�L for analysis using the Synapt
instrument. For negative ion ESI, the solvent contained 0.5 mM
ammonium phosphate.

The six oligosaccharides B-pentasaccharide, iso-B-pentasac-
charide, lacto-N-fucopentaose I and V, and lacto-N-difucohexaose
I and II were purchased from Sigma–Aldrich Company Ltd. (Poole,
UK) and were dissolved in a mixture of H2O/methanol (1:1; v/v) to a
concentration of 10 pmol/�L for analysis using both the DTIMS–MS
and Synapt instruments.

2.2. Molecular modeling

Theoretical modeling of the six oligosaccharides investigated
with DTIMS–MS was done with the AMBER 8 package of molec-
ular dynamics software [36] using the general AMBER force field.
Using structures of the oligosaccharides built in Hyperchem [37],
partial charges were calculated following the RESP procedure
within AMBER with Gaussian 03 [38] and the 6-31G* basis set.
A set of initial structures was created for each oligosaccharide
by building the molecule in xleap, then varying the position
of the sodium counter ion. A simulated annealing protocol was
used to generate 150–200 low-energy candidate structures for
each initial structure of the oligosaccharides. In this protocol an
initial structure was subjected to 30 ps of molecular dynamics
at 600 K followed by 10 ps of dynamics during which the tem-
perature was lowered to 0 K. The resulting structure was then
energy minimized, saved, and used as the starting structure for
the next cycle. The collision cross-sections of these candidate
structures were then calculated using the exact hard-sphere scat-
tering and trajectory models developed by the Jarrold group

[39,40]. For each oligosaccharide the average cross-sections of the
lowest-energy families of structures, which for the systems consid-
ered in this work showed only minor structural deviations, were
reported. Figures were prepared using the UCSF Chimera package
[41].
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. Results and discussion

.1. The rapid separation of chemically released N-linked glycans

The TWIMS-based approach offers a number of advantages for
he analysis of a complex mixture of released glycans. These include
igh sensitivity, rapid analysis, no requirement for further sample
reparation and the high information content of the experiment.

n addition to mobility separation, mass spectral information (both
S and MS/MS) can be obtained. By using an established calibration

pproach, based on accepted rotationally averaged cross-sectional
alues obtained from conventional DTIMS experiments, estimated
ross-sections can also be obtained. An attractive feature of IMS–MS
s the millisecond timescale of ion separation in the gas phase. This
ovetails well with the second timescale of liquid chromatography
nd the microsecond timescale of mass spectrometry data acqui-
ition. The established technique for separating oligosaccharide
ixtures is normal-phase high-performance liquid chromatogra-

hy (HPLC) [42]. The IMS–MS approach can be used in a similar
anner to HPLC for the rapid separation of these complex mix-

ures without prior HPLC separation. To this end, we have used
he TWIMS–MS and TWIMS–MS/MS methods to investigate the N-
inked glycans released from the set of well-studied glycoproteins
isted in Table 1.

The bovine ribonuclease B system will serve as a representa-
ive example of the type of results we are able to achieve with
ur techniques. This protein is known to have one glycosylation
ite that releases a mixture of oligosaccharides with the formulae
annGlcNAc2, n = 5–9. The glycan structures have been determined

y NMR analysis [30]. The positive-ion ESI mass spectrum of these
ligosaccharides (Fig. 1) [43] is dominated by sodiated glycan
pecies, which is consistent with previously published spectra [44].

Fig. 2 shows the ATDs measured for the four largest sodiated
lycan peaks in the ribonuclease B mass spectrum (MannGlcNAc2,
= 5–8). The distributions represent a typical glycan separation for

his instrument which can be achieved in <16 ms. Each distribution
s dominated by a single large peak that shifts to longer arrival times
s n increases. This is an expected result, given that the increased
ize of an ion decreases its mobility as it passes through the mobility
eparator. For n = 5–7, the ATD peaks broaden slightly as n increases.

gain, this is expected since the more time ions spend traveling

hrough the mobility separator, the larger the spread in their transit
imes becomes. The ATD peak for n = 8 is even broader than would
e expected based on the trend for n = 5–7. This additional broad-

ig. 1. Mass spectrum of sodiated MannGlcNAc2 glycans released from ribonucle-
se B. Peaks are labeled with the corresponding unsodiated structure. The different
inkages are distinguished by solid and dotted vertical, horizontal and diagonal lines
43].
Fig. 2. TWIMS ATDs for the sodiated MannGlcNAc2, n = 5–8 glycan mixture from
ribonuclease B. Glycan structure labels follow key shown in Fig. 1. The small peaks
at shorter times are doubly charged dimers.

ening could be due to the presence of Man8GlcNAc2 isomers. The
NMR study by Fu et al. [30] indicates that both Man7GlcNAc2 and
Man8GlcNAc2 released from ribonuclease B have three linkage iso-
mers (as depicted in Figs. 1 and 2). It is not clear why the n = 7 ATD
peak is not broader like the n = 8 peak, since Man7GlcNAc2 also has
three isomers. It may be that cross-sections of the n = 8 isomers
happen to be different enough to give a broader ATD, while it is not
the case for the n = 7 isomers. The presence of conformers may also
play a role, with differences in the n = 7 and 8 species resulting in a
wider range of conformer cross-sections for the larger glycan.

Each ATD also has a small peak at shorter arrival times, for exam-
ple, at 6.00 ms for n = 7 and 6.88 ms for n = 8, which are due to
glycan dimers of the form [2M+2Na]2+. This type of behavior has
been observed before for the Alzheimer’s peptides A�40 and A�42,
where oligomers with the same m/z values as the monomer have
shorter arrival times [9–11]. Oligomer-size assignments can be ver-
ified by measuring high-resolution mass spectra for each peak in
the ATD. For example, Fig. 3 shows the mass spectrum obtained
for the most prominent feature in the Man5GlcNAc2 ATD shown
in Fig. 2. This ATD feature gives a 13C isotope pattern with 1 Da
spacings, unambiguously indicating a singly charged species, the
monomer. Similarly, as has been shown for other systems [15],
doubly charged dimers would give 0.5 Da spacings, triply charged

trimers, 0.33 Da spacings, etc. The ability to obtain MS and MS/MS
spectra for each ATD observed in the experiment is an important
aspect of this instrument that allows significantly more confident
assignment of the source of features in ATDs.



J.P. Williams et al. / International Journal of M

F
M
F

3

t
r
b
s
i

F
c

ig. 3. Tandem mass spectrum obtained from the dominant peak in the
an5GlcNAc2 ATD shown in Fig. 2. Glycan structure labels follow key shown in

ig. 1.

.2. Reproducibility of separation

To address whether the glycan source has an impact on
he reproducibility of the separation, glycan Man GlcNAc was
5 2
eleased from four different sources: ribonuclease B, chicken oval-
umin, porcine thyroglobulin and desialylated thyroglobulin was
tudied with TWIMS. Fig. 4 shows ATDs for m/z 1257, the [M+Na]+

on, obtained from each source. The arrival times were 7.20–7.28 ms

ig. 4. TWIMS ATDs for sodiated Man5GlcNAc2 released from ribonuclease B,
hicken ovalbumin, porcine thyroglobulin and desialylated thyroglobulin.
ass Spectrometry 298 (2010) 119–127 123

and reproducible to within one scan (±80 �s) for all experiments.
The 1% difference between the top two distributions and the bottom
two distributions is within experimental error. This demonstrates
the independence of arrival time to other components within the
complex glycan mixtures. All of the ATDs presented in this paper,
from complex released glycan mixtures to isolated glycan stan-
dards, were reproducible to within one scan (±80 �s) over multiple
experiments. This excellent reproducibility, combined with MS and
MS/MS data provides high confidence in the ability to identify struc-
tures from ATDs.

3.3. Multiple glycan structures

Fig. 5 shows the positive-ion ESI mass spectrum obtained for
glycans released from chicken ovalbumin. The spectrum, which is
dominated by sodiated glycan species GlcNAcnMan3GlcNAc2 (n = 0,
1, 2),1 is similar to one obtained previously using matrix-assisted
laser desorption ionization (MALDI) [32]. The ion mobility sep-
aration and mobility-resolved MS/MS capabilities of the Synapt
instrument give it great potential as a tool for investigating the
structures and conformations of these glycans. If linkage isomers
with different mobilities exist for a particular glycan we should be
able to detect them by measuring an ATD. Likewise, information
on conformers could be obtained if their mobilities are sufficiently
different. Further information can be provided by measuring mass
spectra for particular ATD features.

A review of oligosaccharide conformation studies by Wormald
et al. [45] indicates that different conformations can arise through
rotation about Man–Man linkages. The three dominant glycan
peaks seen in our ovalbumin mass spectrum each have one
Man�1–3Man link (. .

.
) and one Man�1–6Man link (

. . .). The
reviewed experimental and modeling studies indicate that the 1–3
link is flexible and that any different stable conformations present
rapidly interconvert. The data available on the 1–6 link is less con-
sistent. Analysis of existing crystal structures indicates that this link
tends to take on three major and one minor conformation. NMR and
modeling of a trisaccharide containing a Man�1–6Man link indicate
two stable conformations, while modeling of Man9GlcNAc2 indi-
cates the two Man�1–6Man links present each prefer a different
single conformation.

The core glycan Man3GlcNAc2 should have only one linkage
isomer as shown in Fig. 5 [46,47]. It is possible that this glycan
has up to three significant conformers due to rotation around the
Man�1–6Man link (since the Man�1–3Man link is not expected to
take on distinct conformations). However, the differences in cross-
section of the potential conformers might not be significant since
only one sugar group is being moved by rotation about the 1–6 link.
The ATD measured for the m/z 933 mass spectrum peak (Fig. 5)
supports this contention since it has only a single, narrow feature.
This result agrees well with the results of a DTIMS study of glycans
released from ovalbumin by Plasencia et al. [26]. They find a sin-
gle peak in their drift time distribution for permethylated, doubly
sodiated Man3GlcNAc2.

For GlcNAc1Man3GlcNAc2, there is the possibility of multiple
linkage isomers depending on where the third GlcNAc group is
added. Again there is the potential for conformers due to rotation
about the Man�1–6Man link. These conformers may have signifi-

cantly different cross-sections if the third GlcNAc group binds to the
1–6 branching Man group, since the 1–6 rotation would be moving
this capping GlcNAc group. The ATD for the m/z 1136 peak is shown
in Fig. 5 and has two dominant features.

1 The MALDI study showed that some of the glycans observed in the ovalbu-
min sample actually arose from co-purifying glycoproteins and are not present in
ovalbumin itself.
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Fig. 5. Positive-ion mass spectrum obtained for glycans released from chicken ovalbumin using the Synapt instrument. The peaks for sodiated GlcNAcnMan3GlcNAc2 (n = 0,
1, 2) are labeled with their respective structures (following key shown in Fig. 1). The corresponding TWIMS ATDs for these mass spectrum peaks are shown at right.

F chme
f D. (d)

s
b
a
d
t
M
s
e
s
f
p
T
t
t
a
n

ig. 6. (a) The negative ion TWIMS ATD for GlcNAc1Man3GlcNAc2 (phosphate atta
eature b in the ATD. (c) The corresponding MS/MS spectrum for feature c in the AT

To help identify these two species, mobility-resolved MS/MS
pectra (using the transfer region of the Synapt instrument) have
een obtained for the two ATD features. Positive-ion (sodium
ttachment) spectra for the two ATD features (data not shown)2

id exhibit some differences. In particular, differences in the rela-
ive intensities of peaks at m/z 388.2 corresponding to a sodiated

anGlcNAc group and m/z 933.4 corresponding to the loss of a
ingle GlcNAc group would suggest different linkage isomers. How-
ver, the positive-ion data alone was not enough to identify the
pecies associated with the two ATD features. The ATD measured
or the GlcNAc1Man3GlcNAc2 peak in negative ion mode (phos-
hate attachment) is shown in Fig. 6a and also has multiple features.
he small peak at shortest arrival times (labeled a) is attributed to

he doubly charged glycan dimer. The MS/MS spectra for each of
he other three features (attributed to singly charge monomers)
re shown in Fig. 6b–d and are notated using the carbohydrate
omenclature introduced by Domon and Costello [48].

2 Data can be obtained by request from the authors.
nt) released from chicken ovalbumin. (b) The corresponding MS/MS spectrum for
The corresponding MS/MS spectrum for feature d in the ATD.

The negative ion MS/MS data allow for the unambiguous deter-
mination of the structures corresponding to the two dominant ATD
features as linkage isomers. The mass spectrum obtained for the
ATD feature labeled b is shown in Fig. 6b. It has peaks at m/z 323
and 305, which can be assigned as the D (formal loss of the chito-
biose core and 3-antenna) and D-18 fragments, respectively, from
the isomer with the capping GlcNAc group bound to the Man group
of the 1–3 branch [49]. The 1,3A2� fragment at m/z 262 in the spec-
trum is consistent with this capping GlcNAc group being bound by
a �1–2 linkage as shown in the figure (although 1–3, 1–4 and 1–6
linkages are possible) [50]. The mass spectrum for the ATD feature
labeled c (Fig. 6c) has peaks at m/z 526 and 508. These D and D-18
fragment masses correspond to the isomer with the capping GlcNAc
group bound to the Man group of the 1–6 branch, again consistent
with a �1–2 linkage as indicated by the 1,3A2� fragment at m/z 262.
A third, less intense feature in the negative ion ATD is observed
at even longer arrival times. The MS/MS spectrum for this feature
(labeled d) is shown in Fig. 6d and also exhibits peaks at m/z 526 and
508 indicating a 1–6 linkage isomer. This ATD feature could corre-
spond to a conformer of the same 1–6 isomer already assigned to
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Table 3
Experimental and theoretical results for penta- and hexasaccharides.

Oligosaccharide DTIMS Theory TWIMS

Cross-section (Å2)a Cross-section (Å2) Arrival time (ms) Est. cross-section (Å2)b

[BP-S+Na]+ 185 186 3.20 185c

[iso-BP-S+Na]+ 185 190 3.20 185
[LNFP I+Na]+ 196 194 3.65 196
[LNFP V+Na]+ 194 196 3.51 193
[LNDFH I+Na]+ 217 216 4.50 217
[LNDFH II+Na]+ 214 217 4.28 211

[LNFP I+H]+ 185, 201 – 3.15, 3.87 184, 201
[LNFP V+H]+ 195 – 3.47 191
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a Precision of cross-section values is smaller than ±2%.
b Cross-sections estimated from calibration with a precision of ±2%.
c [BP-S+Na]+ used for cross-section calibration correction.

eature c, but the possibility of it corresponding to another 1–6 iso-
er could not be ruled out. Plasencia et al. [26] found four features

n the drift time distribution for permethylated, doubly sodiated
an3GlcNAc3 with associated cross-sections ranging from approx-

mately 292–328 Å2.
For GlcNAc2Man3GlcNAc2, there is again the possibility of link-

ge isomers as well as conformers. As shown in Fig. 5, the mass
pectrum peak at m/z 1339 gives an ATD with a single feature
entered around 7.60 ms. While this ATD feature is broader than
hat obtained for Man3GlcNAc2, an increase in the spread of
rrival times is expected due to the later average arrival time of
lcNAc2Man3GlcNAc2 and does not necessarily indicate the pres-
nce of multiple isomers or conformations. Plasencia et al. [26]
lso found only one feature in their drift time distribution for the
ermethylated, doubly sodiated version of this glycan. MALDI MS
xperiments [32] have suggested that there are two linkage iso-
ers possible for this species with a GlcNAc residue bisecting the

rimannose subunit and another bound to either the Man�1–3Man
r Man�1–6Man branch, while an NMR study [31] finds only the
rst isomer. However, our negative ion MS/MS data for this species
not shown; see footnote 2) reveals no evidence for the bisecting
lcNAc residue [51]. One linkage isomer with a GlcNAc residue
ound to the 1–3 branch and another to the 1–6 branch would be

n better agreement with our observation of a single-peak ATD and
he corresponding MS/MS results.

.4. Comparison of the TWIMS and DTIMS methods

The measurement of absolute cross-sections is currently impos-
ible using the TWIMS approach due to the very complex path the
ons take as they traverse the mobility separator. TWIMS results
an however be successfully calibrated against cross-sections of
ompounds measured in a DTIMS device. The resulting estimated
ross-sections have been shown to be in good agreement with those
easured using the established drift tube approach [16–19]. Here
e compare values measured using DTIMS to those estimated using

WIMS for a series of oligosaccharides: BP-S and iso-BP-S; LNFP I
nd LNFP V; and finally LNDFH I and LNDFH II (Table 1).

All of these systems have been examined using the DTIMS
nstrument at UC Santa Barbara [33]. In each instance a strong sodi-
ted parent ion was present in the mass spectrum, and for each of
hese cases a single symmetric ATD was observed (data not shown;
ee footnote 2). Experimental cross-sections determined in each
ase are listed in Table 3. Molecular modeling calculations revealed

single family of low-energy structures for each oligosaccharide.
epresentative structures, with the experimentally obtained cross-
ections, are shown in Fig. 7 along with the corresponding average
heoretical cross-sections for each family of structures. The theo-
etical cross-sections are also listed in Table 3. Several aspects of

Fig. 7. Typical low-energy structures for sodiated (a) BP-S, (b) iso-BP-S, (c) LNFP I, (d)
LNFP V, (e) LNDFH I and (f) LNDFH II determined by molecular dynamics calculations.
The corresponding theoretical (�th) and experimental (�expt) cross-sections are also
given for each oligosaccharide.
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Fig. 8. ATDs for [LNFP I+H]+ obtained using (a) DTIMS and (b) TWIMS

hese results deserve comment. First, there is excellent agreement
etween experiment and theory in all cases. The Na+ ions were ran-
omly placed on the molecules during simulated annealing runs
nd the same families of low-energy structures always emerged.
econd, the BP-S and iso-BP-S structures observed are very simi-
ar, consistent with the identical experimental cross-sections. The
ther two sets of sodiated isomers have quite different structures
et they also have nearly identical cross-sections. This example pro-
ides a caution that the observation of very similar cross-sections
oes not necessarily imply the presence of similar conformations.

This same set of six oligosaccharides was examined using the
WIMS device and arrival time distributions obtained (data not
hown; see footnote 2). The corresponding average arrival times are
iven in Table 3. Essentially identical arrival times were obtained
or sodiated BP-S and iso-BP-S. Sodiated LNFP I and LNFP V also
ave very similar arrival times, and to a lesser extent, so do LNDFH
and II. It has been shown that the TWIMS device can be cali-
rated using cross-sections measured with a DTIMS instrument. It

s important that calibration is carried out under identical TWIMS
xperimental conditions and using DTIMS calibration values that
racket the arrival times of interest [20]. The calibration method
as been described in detail elsewhere [19] and entails comparing
orrected effective TWIMS drift times to DTIMS cross-sections. The
echnique has been developed using a thorough set of DTIMS pep-
ide cross-sections measured by Clemmer and coworkers [52]. The
WIMS cross-sections for the six oligosaccharides derived by this
ethod were found to have a small linear offset from the corre-

ponding DTIMS cross-sections reported here. For this reason, the
WIMS estimated cross-sections were corrected to the [BP-S+Na]+
TIMS cross-section to ensure consistency of comparison. These
orrected TWIMS cross-sections are given in Table 3 along with the
bsolute cross-sections measured using DTIMS, the cross-sections
erived from the molecular modeling structures and the arrival
imes from TWIMS.
e tandem mass spectra of the (c) early and (d) late TWIMS ATD peaks.

The LNFP I and LNFP V systems have significant protonated par-
ent peaks, in addition to the sodiated peaks seen for the other
species. It should be noted the protonated peak in the mass spec-
trum of the DTIMS instrument was quite weak while the same peak
was quite strong on the TWIMS instrument. The differences in spray
methods and sampling, together with intrinsic sensitivity differ-
ences could account for this observation. While the ATDs for all
the sodiated oligosaccharides and protonated LNFP V have just a
single peak, the protonated LNFP I ATD has an additional feature
as shown by both the DTIMS and TWIMS approaches (Fig. 8a and
b). The corresponding DTIMS cross-sections for protonated LNFP
I and V are given in Table 3 along with the TWIMS arrival times
and estimated cross-sections, which agree well with the DTIMS
values. The additional ATD feature for protonated LNFP I was ini-
tially thought to represent another conformer. Using the capability
of the Synapt to obtain MS/MS data on mobility-separated com-
pounds, MS/MS spectra were obtained in the transfer region for
both ATD features. The results are given in Fig. 8c and d, which
show product ion spectra of m/z 854 for both species. The mass
spectrum for the longer-time ATD feature (Fig. 8d) is consistent
with the simple fragmentation pattern expected for oligosaccha-
rides in positive-ion mode and is similar to a positive-ion ESI
mass spectrum obtained by Levin et al. [28]. The mass spectrum
for the earlier ATD feature (Fig. 8c) has a much more compli-
cated fragmentation pattern and is unlikely to be a result of a
second conformation of LNFP I but rather an isomer or some
other impurity. Unlike our bimodal ATD, the LNFP I differential
mobility spectrum measured by Levin and coworkers has only one
peak.
4. Conclusions

The ion mobility separation characteristics of the TWIMS device
have been shown to be similar to the DTIMS device, although
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he theoretical relationship between measured arrival times and
obility has not yet been established for the traveling wave tech-

ique. Previous work has indicated that mobility calibration of the
WIMS is possible using species of known collision cross-section
16–19]. This method has been successfully applied during this
tudy. While the resolving power of the TWIMS is not as high
s some DTIMS systems the separation capability is valuable for
educing mass spectral complexity, as shown for the complex
eleased glycans. A particular advantage of the Synapt instrument
ver most DTIMS configurations is that the radial ion confinement
n the mobility separator increases the overall instrument sensitiv-
ty, allowing investigations on analytically significant (fmol) levels
f sample. This work illustrates that the TWIMS device provides
apid, sensitive and information-rich experimental data for the
nalysis of complex mixtures of glycans. The arrival times obtained
re reproducible and independent of the source of the glycan. Some
someric glycans can be separated and characterized using MS/MS
xperiments in favorable circumstances. The TWIMS device shows
ignificant promise for screening complex glycan samples and for
any other analytical applications in the characterization of bio-

ogical systems.
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